Stickleback fishes are renowned for the complexity of their nuptial colour signal. In this paper I show that the nuptial signal is in fact multimodal: male-based olfactory cues also transmit information to receptive females. Both female three-spined and brook sticklebacks recognized the scent from each other's males, but discriminated in favour of their own males when asked to choose between conspecific and heterospecific odours. Although females were not attracted to scent from the more distantly related guppy, Poecilia reticulata, changes in their baseline behaviours indicated that they perceived its presence. Olfactory cues act as long distance messages, allowing a female to detect the 'I am here' message from the male before she can actually see him. Studies of interactions between temporally displaced signals indicate that the first cue (in this case chemical) functions to alert the receiver to the presence of the second cue (visual), increasing the probability of its detection and recognition. So, although olfactory cues do not appear to be as species-specific as visual cues, their function as alerting stimuli may not require such fine-tuning.
INTRODUCTION
Animals are immersed in a whirlwind of sensory stimuli. Every species, however, responds to only a fraction of that whirlwind, allowing conspecifics to recognize and locate one another in what might otherwise be a chaotic universe. The intuition that the sensory whirlwind was partitioned in a species-specific manner was a critical prerequisite to formulating concepts of reproductive isolation, mate recognition and sexual selection. More recently biologists have begun to recognize that communication is often a multifaceted dialogue, a complex interchange of signals within (multicomponent: Holldobler, 1995; Johnstone, 1995b Johnstone, , 1996 and between sensory modalities (multimodal: Guilford & Dawkins, 1991a,b; Rowe & Guilford, 1999) . Such complexity serves many functions. Multiple signals may convey the same information, thus increasing the probability of both transmission and reception by decreasing the amount of degradation in the channel and by repeating the same message in many different ways (increasing redundancy: Shannon & Weaver, 1949; Hailman, 1977; Johnstone, 1996) . In contrast, multiple signals may convey different bits of information pertaining to a larger message (multiple messages : Johnstone, 1996; Rowe, 1999 and references therein) . Finally, hybrids between the two preceding multiple signal types seem at least intuitively possible, with some components carrying redundant information and others transmitting different, but complementary, information (Johnstone, 1995a (Johnstone, , 1996 . Such hybrids allow the maximum flexibility in behavioural response depending upon whether the signal components interact in an additive or nonadditive fashion and whether that interaction is context dependent. For example, mosquitofish, Gambusia affinis, use visual cues to determine how closely they can approach a predator (behavioural differences between a hungry and a satiated predator), but that determination is altered based upon the size of the predator and the size of the mosquitofish group. Generalized avoidance, on the other hand, is determined by additive input from both visual and olfactory cues (Smith & Belk, 2001) .
Stickleback fishes in the family Gasterosteidae are an ideal system for studying the evolution of complex signals. The clade comprising the nine-spined (Pungitius Linnaeus) + brook (Culaea Kirtland) + threespined and black spotted (Gasterosteus Linnaeus) sticklebacks is renowned for the evolution of sophisticated male nuptial mosaics. Each mosaic contains a suite of colour characters, organized in hierarchical fashion (see Satou et al., 1984 for a discussion of the hierarchical organization of neurologically controlled behaviour patterns in hime salmon). Each level of the hierarchy reinforces the message relayed on the previous level, as well as transmitting new information about an approaching stranger (for additional examples see Johnstone, 1995a) . For example, 'blue eyes' reliably signals a sexually mature, male three-spined stickleback, 'intense red colour along the ventral and lateral surfaces' signals a sexually mature, territorial, courting male three-spined stickleback, and the addition of a white flush along the dorsal lateral surface says 'I am ready now' (Tinbergen, 1952; McLennan & McPhail, 1989; and references therein) . In brook sticklebacks, a light grey body, dark fins and spines and a dark eye bar transmits 'sexually mature brook stickleback', the presence of a dark black ridge running along the ventral surface of the fish adds 'male' to the message, and the addition of a velvety black body adds 'territorial, nesting and courting' (Winn, 1960; Reisman & Cade, 1967; McKenzie, 1969a,b; McLennan, 1993b) . These male mosaic signals are vastly different from one another, and presumably would allow females to choose mates wisely in areas of sympatry between the two species.
If complexity functions to increase the reliability of message transmission and perception, then presumably one way to increase that complexity is to send redundant and complementary information in as many sensory modalities as possible (Tavolga, 1976) . One obvious modality in fishes is olfaction, which is involved (depending upon the species) in a variety of activities from parental care, through predation and alarm signalling, to foraging, schooling and migration. More importantly from a mating system perspective, many fishes use olfactory cues to detect conspecifics (Timms & Kleerekoper, 1972; Newcombe & Hartman, 1973; Crapon de Caprona, 1974 Laumen, Peru & Blum, 1974; Colombo et al., 1980; Meyer & Liley, 1982; van den Hurk et al., 1987; Cole & Smith, 1992; Kitamura, Ogata & Takashima, 1994; Sörensen & Scott, 1994; Sveinsson & Hara, 1995) , discriminate between conspecific and heterospecific cues (Crapon de Capron & Ryan, 1990; McLennan & Ryan, 1997 , recognize their own offspring (Kühme, 1963; Myrberg, 1975; McKaye & Barlow, 1976) , differentiate shoalmates or kin from unfamiliar conspecifics (Quinn & Busack, 1985; Brown & Brown, 1992 , 1993a Brown & Smith, 1994; Moore, Ives & Kell, 1994) and differentiate between individual conspecifics (Todd, Atema & Bardach, 1967; Carr & Carr, 1985; Olsén, 1989; Reebs, 1994) . Olfactory cues have traditionally been classified as long-distance signals in moving water (Dusenbery, 1992) , so a role for olfaction in mate recognition is not surprising. Such signals allow a female to detect the 'I am here' message from the male before she can actually see him. Studies of interactions between temporally displaced signals indicate that the first cue (in this case chemical) functions to alert the receiver to the presence of the second cue (visual), increasing the probability of its detection and recognition (Rowe & Guilford, 1999; Rowe, 1999) . The long-distance and reinforcing aspects of olfactory signals combine to decrease the costs incurred by a female during the mate selection process and increase her probability of finding a mate (Real, 1990; Jumper & Baird, 1991) .
Sticklebacks have a small olfactory epithelium (only two folds in each nasal rosette: Teichmann, 1959) , so at first glance it would seem unlikely that olfaction would be an important part of their ümwelt (Bardach & Todd, 1970) . Recent research, however, has challenged this assumption. Both three-spined and brook sticklebacks responded to alarm pheromones from injured conspecifics and distantly related heterospecifics (Mathis & Smith, 1993; Chivers & Smith, 1994a,b; Wisenden, Chivers & Smith, 1994; Brown & Godin, 1997) . Although juvenile threespined sticklebacks did not prefer to shoal with siblings vs. non-sibs, they did prefer the heavier shoal, indicating that they were capable of extracting some information from the cue (Steck, Wedekind & Milinski, 1999) . Nonterritorial males and gravid females directed more head-down, substrate orientated, nudge-bites in front of a chamber receiving water from a nesting, displaying male than from a non-displaying male (Waas & Colgan, 1992) . Similarly, gravid female 15-spined sticklebacks, Spinachia spinachia (Linnaeus), were more attracted to water from a courting nesting male, than water flowing over nesting materials alone (Ostlund, 1995) . All of these studies indicate that olfactory cues may be part of a multimodal complex associated with mate recognition and discrimination in gasterosteids. In this paper, I investigate the role for olfactory cues in the gasterosteid mating system in more detail. Because threespined and brooks sticklebacks have such different visually based nuptial dress, I was interested in determining whether interspecific differences were as pronounced in chemical cues. I ask two questions: 1. Are olfactory cues part of the cue complex associated with female mate recognition in both Gasterosteus aculeatus and Culaea inconstans? 2. If so, can females of either species discriminate between conspecific and heterospecific males based upon olfactory cues alone?
MATERIAL AND METHODS

PHYLOGENETIC RELATIONSHIPS
Phylogenetic systematic analysis of 48 behavioural (McLennan et al., 1988; McLennan, 1993a ), 84 morphological (Bowne, 1985 , 1994 and 2879 molecular characters (Mattern, in press) produced a single tree with a CI of 73.5% (Mattern & McLennan, in press ; see tree in Fig. 7) . Gasterosteus aculeatus and Culaea inconstans form part of a larger monophyletic group, but they are not sister-groups. They are separated by minimally three speciation events, and possibly more given the placement of G. aculeatus within the Gasterosteus species complex.
STUDY ANIMALS
Culaea inconstans and Gasterosteus aculeatus individuals were collected in minnow traps at Colonel Samuel Smith Park, Etobicoke, Ontario (43∞35¢33 N, 79∞30¢ 38 W) in April, 2001 . Fish were housed in a fibreglass holding tank measuring 62 ¥ 58 ¥ 26 cm. The bottom of the tank was covered with coarse gravel, with refuges and environmental spatial structuring provided by large rocks and branches. Dechlorinated water flowed continuously through the tank, temperature fluctuated between 10 and 12∞C, and the stock room was illuminated by fluorescent lighting on a 10 h light: 14 h dark photoperiod. These conditions do not suppress either the completion or maintenance of gonadal maturation but do favour a decrease in the rate of maturation (see, e.g. Baggerman, 1957 for a study on Gasterosteus aculeatus). The appearance of breeding behaviour was discouraged by the lack of suitable nesting substrate/nesting materials and the unnaturally high densities in the stock tank (Reisman, 1961; Reisman & Cade, 1967) . During the course of the study none of the males in the stock tank developed nuptial coloration or displayed any tendency to build nests or court females. None of the females ever developed the prominent distended abdomen associated with ovulation, but they did become gravid. Fish were fed ad libitum on live brine shrimp nauplii and live tubifex at 07:00 hours and 18:00 hours every day.
Individual test females were moved directly from the winter holding tank into well planted, filtered 20-litre aquaria, one fish per tank. The tanks were housed in a separate room, so the females could see each other, but were isolated from all other fish. Females were not completely isolated because studies with other species have indicated that isolated females tend to respond abnormally (Barlow, 1968; Chien, 1973) . Temperature was set at 14∞C, and the light on a 16 : 8 light dark photoperiod. Fish were fed ad libitum on brine shrimp nauplii and tubifex at 07:00 hours and 18:00 hours daily. Prior to the evening feeding, each female was placed in a 4.5-litre jar, covered with an inverted Petri dish to prevent water exchange, then placed in a tank with a courting, nesting male for 15 min to stimulate ovulation. Female three-spine and brook sticklebacks display behavioural changes that closely track a three-day ovulatory cycle. The peak of that cycle, associated with ovulation, can be identified by the appearance of species-specific nuptial coloration (G. aculeatus: Rowland, Baube & Horan, 1991; C. inconstans: McLennan, 1993c) . Because behavioural responses decrease around that point, it is important to use females at the peak of their cycle to decrease the amount of 'noise' -variation due to interfemale differences in physiological state (Blough, 2001 ) -in the system. I therefore chose females that met two criteria: the presence of the nuptial signal, and the presence of either the headup display in three spines or the head-up ground-sink display in brook sticklebacks. It was impossible to control the timing of ovulation, so any female that developed a nuptial signal and the appropriate courtship response when tested with a male at any time during the day was used as quickly as possible.
Males and females were also moved to four 200-litre stock tanks in the experimental room, two tanks per species, four males, six females/tank. Each aquarium was fitted with a tight glass cover to prevent water evaporation and possible contamination of the experimental room, and covered on three sides with photocopies of surrounding plants and stones to prevent visual communication between different species. Brook sticklebacks will not breed in water warmer than 19∞C (Maclean & Gee, 1971) , while three-spined sticklebacks display a wider tolerance of temperatures, so water temperature was held at 15∞C. The photoperiod was set on a 16 : 8 light-dark cycle. Hygrophila polysperma plants rooted in a 20-cm green plastic plant saucer, filled with soft mud, peat moss and covered with fine gravel provided nesting sites and cover. An abundance of potential nesting materials was supplied for each tank, including filamentous algae grown in the laboratory, and fine roots, twigs, and submerged grasses collected from each population's habitat. Unlike the conditions in the winter holding room, the abundance of nesting material, low densities, higher temperatures, and long photoperiod in the environment chambers stimulated the fish to come quickly into breeding condition (Winn, 1960; Reisman, 1961; Braekevelt & McMillan, 1967; Reisman & Cade, 1967) .
PRODUCING THE STIMULUS
Three different types of male-based olfactory cues were produced, Gasterosteus aculeatus, Culaea inconstans and wild caught Poecilia reticulata. The Poecili-idae is grouped with the Gasterosteidae in the Smegmamorpha, although relationships among members of that group are very ambiguous at the moment (Johnson & Patterson, 1993) . The guppy cue served as a second control, so it was only used in recognition tests. Males from all species were sexually mature and courting. In addition, the stickleback males were also territorial with complete nests but no eggs. Males from these three species are of very different sizes, so an attempt was made to compensate for differential cue production by using four brook sticklebacks (c = 39.38 mm), three three-spined sticklebacks (c = 52.12 mm), and ten guppies (c = 15.79 mm). Courting males were removed from their respective stock tanks and placed in a 45-litre stimulus tank filled with 32 litres of water. These tanks were housed in a third room, away from all other fish, and covered with glass to prevent contamination from air-borne odours. The water had been aerated and charcoalfiltered for 24 h prior to adding the males. Males remained, fasting, in the stimulus tank for 24 h, then were removed. The stimulus water was used as needed for a maximum of two weeks before being discarded. Preliminary tests revealed no decline in female response to the stimulus over that period. I had to use different males to produce different batches of stimulus water because the previous males had moved to a different stage of their breeding cycle after two weeks. Control water was produced following the pattern for stimulus water: 32 litres of water were aerated and charcoal-filtered in a glass covered tank for 24 h, allowed to sit unperturbed for another 24 h.
EXPERIMENTAL SET-UP
The experimental apparatus consisted of ten 60-litre tanks (test tanks; 60 ¥ 30 ¥ 30 cm) and four 4.5-litre jars (stimulus jars). The stimulus jars were placed above and behind the test tanks (Fig. 1) . A stimulus delivery system (SDS) was constructed by attaching a 12-mm glass pipette to a piece of 2.5 mm silicone tubing. The SDS was secured by slipping the open end of the silicone tubing through a piece of 6.0 mm tubing attached to the bottom of the stimulus jar, and slipping the pipette through a piece of 6.0 mm tubing attached to the side of the test tank. Each SDS was used for only one stimulus type. The tip of the pipette sat 0.5 cm above the water surface. Fish, fed in stock tanks by injecting a large pipette full of live food into the tank, had learned to respond quickly to any sur- face disturbance. Dripping the stimulus above the water mimicked that disturbance, prompting the female to respond quickly and to move between the two sides. Provoking this response is critical in an olfactory experiment because the female must physically move throughout the entire tank in order to guarantee exposure to both stimuli.
Stimulus flow was initiated each day by injecting water from the test tank into the SDS, placing the open end of the tubing in the stimulus jar, and allowing the stimulus water to flow via gravity through the pipette into a drain for 60 s. Flow rate, controlled by the use of metal screw clamps, was set at 1.2 mL/min. At the end of each trial, the pipette was placed back in the stimulus jar so the flow rate rarely needed adjusting throughout the test period. Observation of water dyed with food colouring showed that the stimulus flow within each tank was symmetrical, and that, in the absence of a test fish, the currents on either side of the tank had not met after 60 min. To control for side biases, the stimulus was assigned randomly to the left or the right side in each trial.
The test tank was marked on the outside with numbered, vertical lines 10 cm apart and a vertical line 6 cm below the water surface to pinpoint the female's position during video analysis. After each trial, the tank was scrubbed vigorously with a 3% solution of hydrogen peroxide and soap, rinsed with an intense jet of water concentrated along the silicone seams, and dried thoroughly. This appeared to remove all vestigial traces of the stimulus.
EXPERIMENTAL PROCEDURE
Stimulus flow was initiated by simultaneously slipping the pipettes into their respective holders on either side of the tank. In order to decrease the amount of disturbance, the two pipettes were allowed to drip for 15 s, and then the test female was gently deposited in the middle of the tank. Stickleback females of both species often reacted so quickly and intensely in the experimental set-up that, in many cases, the fish were exhausted after 6 or 7 min. Because of this, I did not run a pretrial period, but began videotaping the 5 min trial once the female had passed within 10 cm of each stimulus pipette. At the end of the trial, the female was returned to her holding tank. As mentioned previously, the ovulatory cycle is a short one and stimulated females will often drop their eggs a day after ovulation. It was thus necessary to complete all the tests using a particular female on the same day. It was also necessary to use three separate groups of females because one female could not complete all of the trials: Group 1 (water control), both pipettes contained only water. Group 2 (distant relative control), one pipette contained water and one the guppy cue. Group 3 (recognition and discrimination tests with gasterosteid cues). The presentation of test stimuli in this third group followed the pattern: stimulus 1 vs. water, 1 h rest, stimulus 2 vs. water, 1 h rest, choice between stimulus 1 and stimulus 2. The sequence of conspecific and heterospecific cue presentation was randomized to reduce any effects of the first or last stimulus encountered on the choice test. Each female was used in only one group.
VARIABLES SCORED
Interactions were videotaped with a Sony Digital camera from behind a screen with a hole cut just large enough to fit the camera lens. Each trial was labelled with a random number, which was decoded after scoring the tapes. The following variables were scored: 1. Total time: the time spent within 20 cm of each outflow pipette. The 20 cm portion in the middle of the tank was assigned a neutral status because it was often difficult to determine the female's orientation during the time she spent hovering there. 2. Total time spent within 6 cm of the surface. 3. Time interacting: fish moves towards side of the test aquarium and bumps it with mouth closed, spines fully or partially erect. A bout of nudging involved a series of rapid bumps interspersed with prolonged swimming, nose in contact with the glass. Very intense nudging bouts generally terminated in a bite. 4. Time hovering head-up: time spent hovering headup at an angle anywhere from 60∞ to 45∞ to the surface anywhere in the tank. This position is assumed by all females in the Culaea + Pungitius + Gasterosteus clade to signal sexual receptivity during courtship. 5. Time spent in head-up ground-sink: female assumes the head-up position then sinks to bottom of the aquarium and holds there, still head-up. This display is only shown by courting female Culaea inconstans. Timing of this behaviour began when the female started to sink because not all head-up displays are followed by sinking. 6. Time head-down: fish orients nose down at approximately 45∞-90∞ to the substrate, then swims rapidly around the tank, pelvic spines not flared, dorsal spines generally not raised, nose in contact with the substrate. Head-down behaviour represents the outcome of an ambivalent motivational state hovering between tendencies to attack and to flee (Tinbergen, 1952) . It is difficult to assign a particular motivation to this behaviour because the female does not remain in one area, nor does she orientate towards any particular point. 7. Number of point displays: female swims rapidly up the side of the tank towards stimulus outflow, turns and dives downwards, ending anywhere from the middle of the tank to just above the bottom. Dorsal spines not raised, pelvic spines not flared in C. inconstans, but occasionally flared in G. aculeatus. The angle of the turn varied from very sharp, at which point the female practically retraced her upwards swim during the dive, to approximately 45∞. Intense points were held upon completion for a fraction of a second, less intense points were followed immediately by resumption of swimming. 8. Number of broadside displays: female orients parallel to, or at a slightly oblique angle away from, a glass wall and holds her position, pelvic spines not flared, dorsal spines may or may not be raised. This behaviour was only observed at the two end walls of the aquarium under the stimulus outflow. 9. Number of bites: lunge followed by a jaw snap, dorsal and pelvic spines fully or partially erect, generally directed towards the glass side of the tank or toward the stimulus outflow. The number of bites per presentation has been widely used to quantify aggressive behaviour in three-spine sticklebacks (see Bakker, 1986 and references therein), and to construct an ethogram of aggressive interactions in male C. inconstans (McKenzie, 1969a) . 10. The 10 s criterion: the duration of a female's orientation towards the observer was recorded. Individuals spending more than 10 s of the test period oriented in this fashion were removed from the analysis (N = 3).
t-tests, paired and non-paired, were used to evaluate the null hypothesis that there was no difference in the females' responses to different cues. Given the relatively large number of tests being conducted, a sequential Bonferroni correction (a £ 0.05) was applied to decrease the probability of committing a type I error by chance (Peres-Neto, 1999). Data were analysed using the software package Statview vs. 5.0.1 (Abacus Concepts).
RESULTS
CONTROL: TWO WATER DRIPS
There was no difference in any variable between the left and right side in the control group, indicating that the fish did not show a measurable side bias (for mean ± standard deviation values from all trials see the Appendix).
MATE RECOGNITION: STIMULUS VS. WATER CONTROL
Culaea inconstans females did not respond to the cue from guppy males by spending more time on that side of the tank (t = -0.38, P < 0.71). They did, however, spend more time on the stimulus side when the cue from a stickleback male was offered (conspecific vs. water: t = 8.77, P < 0.0001; heterospecific vs. water: t = 3.38, P < 0.004). Chi-square analysis revealed no difference in the intensity of each behaviour on either side of the tank given the time spent there in any of the recognition trials, so total values for each variable were compared. Total behavioural intensity changed significantly for only four variables; females (1) spent less time engaged in head down behaviour in the heterospecific (t = 2.11, P < 0.05) and guppy (t = 2.23, P < 0.04) trials vs. the control group; (2) spent more time near the surface in all trials vs. the control group (Fig. 2) ; (3) spent more time in head-up ground-sink in the heterospecific and conspecific trails vs. either the guppy or the gravid control (Fig. 3) ; and (4) crossed more often in the guppy test compared to all other trials (gravid control: t = 2.51, P < 0.02; heterospecific: t = 4.34, P < 0.0001; conspecific: t = 3.72, P < 0.0009).
Gasterosteus aculeatus females spent more time on the stimulus side when the cue from a stickleback male was offered (conspecific vs. water: t = 6.95, P < 0.0001; heterospecific vs. water: t = 2.14, P < 0.05), but did not respond temporally to the cue from guppy males (t = -0.77, P < 0.45). Chi-square analysis revealed no difference in the intensity of each behaviour on either side of the tank in any trial. Total behavioural intensity over the 5 min trial period changed significantly for only three variables: vs. the control group, females (1) spent more time head-up hovering in all trials (Fig. 4) (2) spent more time near the surface in all trials (Fig. 5) ; and (3) when interacting with the guppy cue, spent less time in head-down threat vs. the control (t = 2.23, P < 0.04).
There were no significant differences in the behavioural responses of either brook or three-spine females that encountered the conspecific first in the test sequence, vs. females that first encountered the het- erospecific cue. There were no interspecific differences in the total time females spent associating with respective conspecific (t = 0.02, P < 0.98) and heterospecific (t = 1.33, P < 0.19) cues. Because neither brook nor three spine females showed any differences in behavioural intensities on either side of the tank, total intensity scores were used to further investigate differences in interspecific behavioural responses. In terms of presence or absence of behaviours, female Gasterosteus never displayed head-up ground-sink, never nudged the surface of the water, and never displayed biting behaviour, while Culaea females rarely displayed broadside threat. Both species showed 'wandering' in the presence of a cue (hanging anywhere from a 45 degree angle below, to nearly horizontal with, the air-water interface, moving randomly around the surface). In terms of overall behavioural intensity, female three spines interacted more (conspecific: t = 3.74, P < 0.0006; heterospecific: t = 2.19, P < 0.04) and spent less time hovering (Fig. 6 ) than did Culaea. They also spent less time engaged in head down threat during interactions with the conspecific cue (t = 2.55, P < 0.02) and, in the heterospecific trials, spent more time near the surface (t = 3.40, P < 0.002) and executed more point displays (t = 2.16, P < 0.04).
MATE DISCRIMINATION: CHOICE BETWEEN TWO OLFACTORY STIMULI
Culaea inconstans females spent more time near the conspecific cue than near the heterospecific cue in the choice trials (t = 2.46, P < 0.02). Chi-square analysis revealed no difference in the intensity of each behaviour on either side of the tank in any trial, so total values for each variable were compared. Compared with the control group, females spent more time at the surface overall (t = -2.50, P < 0.02), less time engaged in head-down behaviour (t = 3.12, P < 0.004), and displayed more surface nudges (t = -2.12, P < 0.04) and more point displays (t = -2.19, P < 0.04). Gasterosteus aculeatus females also spent more time near the conspecific cue than near the heterospecific cue in the choice trials (t = 2.31, P < 0.03). Chisquare analysis revealed no difference in the intensity of each behaviour on either side of the tank in any trial. Compared to both the control group, females spent more time engaged in head-up hovering (t = 3.26, P < 0.003) and more time near the surface (t = 3.01, P < 0.005). There were no significant differences in the behavioural responses of females who encountered the conspecific first in the test sequence, vs. females who first encountered the heterospecific cue. There were no interspecific differences in the total time females spent associating with respective conspecific (t = 0.48, P < 0.63) and heterospecific (t = 0.23, P < 0.83) cues in the choice trials. During the choice trials, female three-spines interacted more (t = 3.18, P < 0.003) and spent more time near the surface (t = 2.97, P < 0.005) than did Culaea.
DISCUSSION
Members of the Pungitius + Culaea + Gasterosteus clade have evolved very sophisticated courtship communication. The visual components of the male's courtship repertoire include a species-specific mosaic colour pattern (hue, intensity and distribution) and species-specific courtship behaviours (structure and intensity). Body size also transmits information to prospective mates (Rowland, 1989) . Together, these signals form a cohesive multicomponent display (Holldobler, 1995; Johnstone, 1995b) . Such displays increase the receiver's ability to detect, discriminate and remember the sender (when learning is involved in the communicative process: reviewed in Rowe, 1999) . This study demonstrates that the breeding repertoire is also multimodal (Guilford & Dawkins, 1991a,b; Rowe & Guilford, 1999) ; components of the communicative system are transmitted in different sensory modalities. Both female three-spined and brook sticklebacks were capable of recognizing each other's males, while at the same time discriminating in favour of their own males. Recognition was marked by the appearance of species-specific courtship behaviours, hovering head-up for three-spine female, and head-up ground-sink for brook sticklebacks (Figs 3, 5) . Control females rarely displayed these courtship responses. Beyond the general intensification of behavioural responses following cue presentation, females did not modify their behaviour depending upon the side of the tank they were on when interacting with gasterosteid-based cues. They indicated recognition and discrimination by spending more time with a particular cue; in other words, once stimulated they altered the temporal, but not the intensity, component of their behavioural repertoire.
The picture was somewhat different when females encountered the cue from a distant relative. Female gasterosteids did not respond to the male guppy cue based upon time spent near it, which might lead an unwary researcher to conclude that the females did not recognize the scent of male guppies. This conclusion would be precipitous, and highlights the difference between recognition and attraction, as well as the need to score more than just 'time spent near' in mate recognition and discrimination trials. The gasterosteid females were clearly not attracted to the guppy cue (temporal aspect), but they did recognize it because they modified some of their baseline behaviours. For example both species spent more time near the surface in the presence of the guppy cue, a result that cannot be explained as an association between the drip and the appearance of food because the control contained two water drips. Both species also decreased the amount of time involved in the head-down display, mirroring the situation when females encountered the heterospecific gasterosteid cue on its own. They did not, on the other hand, change head down threat in the presence of a conspecific, so it is difficult to interpret the meaning of the display in this context. It would appear that the presence of a male-based olfactory cue either does not affect (conspecific) or actually suppresses the expression of threat behaviour, perhaps indicating that gravid stickleback females do not normally engage in threatening interactions with heterospecific males. The low values for biting and broadside threat (see Appendix) would tend to support this suggestion. Three spines, oddly, increased the amount of time they spent in head-up hover in response to the guppy cue. Is this a measure of sexual attraction? The head-up display appears in both sexual and conflict situations. In both cases, it probably serves to signal appeasement and diffuse aggression from a prospective mate or combatant. In order to interpret these results more fully, we need to investigate how female gasterosteids respond to the presence of conspecific and heterospecific female-based cues, as well as how they react in discrimination trials offering the guppy vs. the conspecific scent.
The fact that both three-spined and brook sticklebacks responded to the heterospecific cue on its own, demonstrates that the information is perceived as being meaningful in some way (Gerhardt et al., 1994) . Either (1) there is a plesiomorphic component to the olfactory cue complex that is recognizable across species boundaries and the females' response is the outcome of an interaction between recognition based on the plesiomorphic component and discrimination based on the plesiomorphic + apomorphic component, (2) the cue has only one component which has not diverged enough between the two gasterosteid species to deter interspecific recognition and allow absolute discrimination, or (3) the receiver makes mistakes (e.g. Johnstone, 1996) . Whatever the explanation, this study adds to the growing database indicating that cross-species sensitivity exists for a variety of alarmbased (e.g. Chivers & Smith, 1994a,b) and sex-based pheromones (McKinnon & Liley, 1987; Crapon de Caprona & Ryan, 1990; McLennan & Ryan, 1997 in fishes.
ALERTING FUNCTION OF THE OLFACTORY CUE
Male-based olfactory cues act as physiological primers, stimulating ovulation in maturing females (angelfish, Pterophyllum scalare: Chien, 1973; zebrafish, Brachydanio rerio: Chen & Martinich, 1975; van den Hurk et al., 1987; African catfish, Clarias gariepinus: van Weerd, Sukkel & Richter, 1988; Resink et al., 1989b) and helping to synchronize the courtship dialogue (Dulka et al., 1987; Bjerselius, Olsen & Zheng, 1995 and references therein) . Do these cues also play a more direct role in communication? From a distance, chemical cues may alert the receiver to the presence of the sender before that sender can be located visually. This, in turn, increases the detectability of the visual signal because the receiver is now anticipating a particular event (the appearance of the sender). Unlike vision, olfactory cues are transmitted via a turbulent and unpredictable medium, which intuitively might lead one to question the efficacy of scent in anything other than a general arousal role. Computer simulations, coupled with experimental manipulations have, however, revealed that variability in concentration fluctuations, pulse and interpulse intervals, temporal filter properties of chemoreceptor cells, and the active sampling movements of the receiver can all combine to extract temporal, intensity and directional information from an outwardly chaotic odour plume (Moore & Atema, 1988; Jumper & Baird, 1991; Moore, 1994) . In this experiment, the alerting nature of olfactory cues may have been reflected in the females' vertical change of movement; both brook and three-spine females spent more time near the surface when a gasterosteid-based olfactory cue was present than they did during the pretrial. 'Near the surface' comprises three different actions, hovering directly under the dripping stimulus, nudging the glass, and the appearance of wandering behaviour. Wandering females appeared to be searching the area. That search centred around the drip, where the cue would be most intense, and spiralled outwards, but always returned to the location of the drip. This behaviour is similar to the 'rising' and 'milling' responses shown by both male and female pacific herring to the presence of miltbased spawning pheromone (Carolsfeld et al., 1997) .
The way in which olfaction (alerting or first stimulus) and vision (second stimulus) interact is not well understood in fishes. Male-based sexual pheromones are generally comprised of conjugated and free steroid metabolites and/or prostaglandins (e.g. see Resink et al., 1989a; Lambert & Resink, 1991; Becker, Galili & Degani, 1992; Cardwell, Dulka & Stacey, 1992; Kitamura et al., 1994; Sörensen & Scott, 1994 ; and references therein; Sveinsson & Hara, 1995; Robison, Fernald & Stacey, 1998) . Conjugated steroids and prostaglandins are large molecules, which agrees with Wilson & Bossert's (1963) estimate that the number of information-transmitting structural isomers of a compound increases exponentially with molecular size. The level of the stimulatory effect of these substances depends upon their structure and their relative concentrations, implying that detailed and speciesspecific information may be transmitted by a multicomponent olfactory cue (syntactic coding: Colombo et al., 1982; Lambert et al., 1986; Resink et al., 1989a; Sörensen et al., 1995) . Detection of these pheromones is associated with the medial olfactory tract (MOT) in teleosts. The MOT innervates, among other things, areas of the telencephalon and preoptic area that affect GtH production, which in turn regulates reproductive physiology and behaviour (Gasterosteus aculeatus: Honkanen & Ekström, 1990; for general discussions see Kyle et al., 1987; Resink et al., 1989c; Laberge & Hara, 2001 ; and references therein). Whether the olfactory tract plays this role alone, or in conjunction with the enigmatic terminal nerve (nervus terminalis: NT) is currently open to debate (see Fujita, 1987; Fujita et al., 1991 and references therein) . The NT does not itself appear to be chemosensitive, but it does contain cells that are immunoreactive for LHRH (luteinizing hormone-releasing hormone) and NMDA (N-methyl-D-aspartate) which modulate GtH secretion (Munz et al., 1982; Demski & Northcutt, 1983; Dulka et al., 1987; Flynn, Schreibman & MagliuloCepriano, 1997) . Some authors have suggested that the NT cells can be divided into two general classes, one associated with the MOT and forebrain, the other projecting to the optic tecum and retina (Springer, 1983; Fujita, 1987; Stell, Walker & Ball, 1987) . The relationship between the NT and the retina appears to be unique to teleosts (von Bartheld, 1987) , prompting Stell et al. (1987: 94) to hypothesize that the visual NT is part of an 'integrating pathway, through which visual and olfactory components of complex reproductive behaviours are regulated and coordinated' (see also Satou et al., 1984; Schreibman & MargolisNunno, 1987) . It is thus possible that the alerting function of olfactory cues is modulated by the MOT/ NT's effect on the visual system in the short term, and by the long-term coupling of visual and olfactory information during early development. Such intersensory integration, which is a common feature across vertebrate taxa and sensory systems (Rowe, 1999) , may have been an important component of the selection arena in which multimodal signals evolved.
ASSOCIATIVE LEARNING AND OLFACTION
Multimodal signals also enhance discrimination learning and memorability (Rowe, 1999 and references therein) . For example, bumblebees learn to discriminate faster between visual cues from rewarded and non-rewarded flowers if the rewarded colour cue is enhanced by the presence of scent (Kunze & Gumbert, 2001) . Pike naïve brook sticklebacks learned to respond with antipredator behaviour to the scent of a pike after only one exposure if that scent was coupled with alarm pheromone from either conspecifics or the distantly related fathead minnow (Pimephales promelas: Chivers & Smith, 1995) . They were also capable of learning to avoid the pike stimulus simply by copying the behaviour of experienced fathead minnows (Mathis, Chivers & Smith, 1996) .
Could there be a role for this type of associative learning in the gasterosteid breeding system? All gasterosteid males guard their nest and eggs (Fig. 7) . Segaar et al. (1983) demonstrated that an intact olfactory nerve was necessary for three-spine males to initiate nest building, for the appearance and maintenance of zigzagging before and during the early stages of egg guarding, and for the stimulation of fanning as the eggs developed. Fanning, in turn, drives oxygenated and odour bearing water from the males' immediate vicinity into the nest. An increase in parental care occurred in the ancestor of the nuptially coloured Gasterosteus + Pungitius + Culaea clade; males guard their offspring at least until the fry have filled their gas bladders and are free swimming (Fig. 7) . During this period, it would be possible for the developing fry to learn to associate the scent of their father and surrounding territorial males with species-specific body shape and colour. Imprinting has been demonstrated in various fishes. Cichlid fry can recognize their parents based upon specific morphological patterns ( Myrberg, 1975 and references therein), but lose their preference for conspecific male colour patterns if crossfostered with another species (Crapon de Caprona, 1982) . Both juvenile cichlid and Arctic charr can distinguish siblings from non-siblings based on olfactory cues alone when they have just begun to swim (Kühme, 1963) and over a year posthatching (Olsén, 1989) , respectively. Such imprinting would set the developmental stage for the alerting function of olfactory cues when the fry become sexually mature. Depending upon the species, retention periods for predator olfactory cue-alarm pheromone associative learning range from 3 months (Csányi, Csizmadia & Miklosi, 1989 ) to 1 year (Chivers & Smith, 1994b) following a single conditioning event. Stickleback fry are intimately associated with their father for at least three days post hatching, and with each other in family based, then larger, groups until the following breeding season, which would allow for prolonged and multiple conditioning events; further reinforcing the learned association between conspecific odour and visual cues.
Sexually mature fish would then already possess a chemical and visual search image or template for prospective mates before returning to the breeding ground. That template however, might be modified by the way olfactory information is processed. In the visual system, the lateral inhibition network involving mitral cells and their decoders acts to increase local contrast, and hence separation, between stimuli. In the olfactory system, on the other hand, lateral inhi-bition does not appear to aid in discrimination, but rather in generalization (Linster & Smith, 1997 ; for a detailed discussion see Laurent, 1999) . If a honeybee which has learned to associate scent A with a sugar reward, is presented with a mixture of scent A and a similar scent B, it will respond to the mixture as if it is more A like. Untrained bees react to the mixture as a unique A-B combination (Hosler & Smith, 2000) . This process, called blocking, is one way in which an individuals' sensory history can influence its future response to a similar odour. The greater the similarity between the two stimuli, the greater the blocking effect and hence the stronger the generalization. Imprinting as a process involves generalization across an array of novel but similar stimuli (at least in visual cues: Bolhuis & Horn, 1992) . So, if stickleback fry imprint on olfactory cues, and that process enhances generalization across cues because of the way the olfactory system is organized, then it is not surprising that individuals would recognize scents from close relatives at a later date. This complicated process offers a mechanistic explanation for why some animals respond to the plesiomorphic component of scents even though there may be apomorphic components in the mixture.
Taken together, these results imply a fair amount of olfactory flexibility in fishes. Unlike visual and auditory systems, the olfactory system is a shallow (cortical interpretation is only two neurones away from receptors), low bandwidth sense that appears to favour global perception rather than precise segmentation (Laurent, 1999) . Global perception implies that responses to particular scents are not hard wired per se; rather, the structure of the neurological system permits associative learning, linking scents with a variety of objects including home stream, individual conspecifics, prey items and predators (Magurran, 1989; Olsén, 1992; Valentincic, Wegert & Caprio, 1994; Chivers & Smith, 1995) . Behavioural flexibility is an important component in complex social systems, but it comes at a price; in this case the heterospecific cue is conveying meaningful information to the breeding female. There is thus a potential for females to make mating mistakes based solely upon olfactory information, something that is particularly relevant in the gasterosteid system where congeners are often found in sympatry (see, e.g. Wootton, 1976 Wootton, , 1984 . The somewhat generalized (recognizable) nature of the olfactory cue, however, is offset by the species-specific nature of the male colour and courtship signals, which reduces the probability of mating mistakes. There are additional, and possibly subtle effects of swimming in a crossspecies olfactory soup. If larger breeding clusters are established by subdividing available habitat into species-specific breeding microhabitats, then the cross species recognizable portion of the olfactory cue may serve to amplify its alerting, physiological priming and synchronizing effects (see Colombo et al., 1980 for a discussion about the amplification of olfactory cues due to clumped nesting behaviour in the black goby). Just such an amplification effect was noted in this experiment, females spent more time at the surface in the presence of both gasterosteid cues (mate discrimination test) than they did in the presence of each cue alone. Females also increased the time they spent engaged in courtship behaviours in the presence of two male gasterosteid-based cues, although that increase was only significant for Gasterosteus aculeatus.
THE ORIGIN OF THE VISUAL AND OLFACTORY CUES
Mapping species-specific colour and odour cues above the phylogeny for the gasterosteids hints that recognition of species based upon odour alone may predate the origin of the male nuptial signal (Fig. 7) . The optimization shown in Figure 7 is hypothetical pending more data, however, it does highlight some pathways for future research. Given the importance of olfaction in many piscine mating systems, including the data for species within the Gasterosteidae, it is likely that other members of the family will display similar scentbased recognition abilities. The origin of species and male-based olfactory recognition may have been coincident with the appearance of either egg fanning or egg guarding (or older than both). In order to solve this problem, we need data about olfactory-based mate recognition from the sister-group to the Gasterosteidae (the Aulorhynchidae) plus, minimally, the next sistergroup out. This is important information, for it will allow us to determine whether the appearance of egg fanning was a prerequisite for the ability to recognize conspecific breeding males based upon olfactory cues, or whether the appearance of fanning simply strengthened that ability.
The next important step in the evolutionary scenario occurred in the ancestor of the Pungitius + Culaea + Gasterosteus clade. At this point, both male nuptial ventrolateral body colour and extended parental care via fry retrieval and guarding originated (McLennan et al., 1988) . The extended parental care period would prolong the time available for fry to imprint on the olfactory and visual characteristics of their father. This, in turn, would enhance the alerting function of odour in female mate choice when the fry matured the following year. This staggering of origin in multimodal cues may be the multimodal equivalent of sensory bias. In a sensory bias scenario, the ability of the receiver to detect the sender's signal pre-dates the origin of that signal. Once the signal appears, the bias in the receiver's sensory system favours its detection, feeding into a number of potential sexual selection processes (Ryan, 1990a (Ryan, ,b, 1991 (Ryan, , 1997 Ryan & Rand, 1993) . In this case, one component of the complex cue, the alerting signal, originates before the second component (in this case, ventrolateral nuptial coloration). Once the second component originates, the alerting function of the first stimulus becomes associated via learning with the second signal, favouring its evolution. Depending upon the strength of the association, this interaction may maintain the second signal in the population during the initial stages of a sexual selection dynamic or it may even accelerate the process.
SUMMARY
In summary, although three-spine and brook stickleback females were capable of recognizing the scent of each other's males, they preferred the scent of their own males to the heterospecific. In the past, most researchers have focused their attention on the relationship between the intensity of a sexually selected signal and some measure of the sender's quality or condition (see, e.g. Iwasa & Pomiankowski, 1994; Møller et al., 1998) . The results from this, and other studies (see e.g. discussion in Ryan & Rand, 1993) , indicates that the term quality needs to be extended to include more broad-based parameters such as 'species' or 'sex' or 'breeding status', and that the effects of alerting signals must be factored into models of complex signal evolution. Even if this kind of information is transmitted by parts of the complex signal that play no role in assessments of condition, those components form the physiological/neurological background within which condition-assessing signals must evolve. 
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SPECIES OF TEST FEMALE
Culaea inconstans c ± SD (s)
Gasterosteus aculeatus c ± SD (s) 
Gasterosteus aculeatus c ± SD (s)
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